Oftentimes, during theoretical modelling, although the dynamics of a viscoelastic fluid is studied considering it to be pure, such fluids are usually the blends of polymeric solute in a Newtonian solvent. Stratification of these solutes can take place in the presence of a temperature gradient via the Soret effect. In this study, we investigate the classical Marangoni instability problem for a thin viscoelastic film considering this binary aspect of the fluid. The system, comprising of a thin-film confined between its deformable free surface and a flat solid substrate, is subjected to heating from below. A linear stability analysis carried around the quiescent base state reveals that both long-wave deformational and short-wave disturbances can emerge in this system. Apart from the monotonic instability, the competition between the thermo-and solutocapillary forces in presence of the Soret effect can give rise to two different oscillatory instabilities as aptly demonstrated in this analysis. The characteristics of each instability mode are discussed, and a complete stability picture is perceived in terms of the phase diagram, identifying the parameter space within which a particular instability mode can get dominant. Finally, an approximate model is developed under the framework of long-wave analysis that can qualitatively reflect the stability behaviour without numerically solving the eigenvalue problem.
Introduction
A gradient of surface tension caused by the inhomogeneities in temperature (thermocapillarity) or concentration (solutocapillarity) on the free surface of a pure liquid/liquid mixture has the ability to induce motion in its bulk phase. Typically called the Marangoni convection, this phenomenon is frequently encountered in small scale systems, viz. thin-films, droplets, vapor bubbles, and also in the liquid bridges, wherein the surface effects dominate over the volumetric ones. Understanding the dynamics of this convection process is essential for optimizing the operations like interfacial heat and mass transport (applications include the thin-film evaporation, liquid-liquid extraction, etc.), and the material processing, especially in a microgravity environment where the buoyancy-driven Rayleigh-Bénard convection gets inhibited.
Formal investigations into the Marangoni convection started with the experiment of Bénard (1901) , performed in a thin liquid film heated from below. However, until the late 1950s, the hexagonal convection cells observed by Bénard was attributed to the effect of thermal buoyancy. Block (1956) , performing a series of experiments on liquid layers of varying thicknesses and Pearson (1958) , by a theoretical approach later clarified that at Bénard's experimental film thickness, the Marangoni convection bears greater significance over the buoyancy induced convection. Thenceforth, several theoretical and experimental investigations have been carried out over the years to elucidate the major features of this convection process.
A detailed discussion on these works can be found in the monographs and review papers by Colinet, Legros & Velarde (2001) , Craster & Matar (2009 ), Nepomnyashchy (2001 , Oron et al. (1997) and Shklyaev & Nepomnyashchy (2017) . The most classical system considered in these analyses comprises of a thin, horizontally infinite liquid film confined between two parallel bounding surfaces, one rigid-one free with an imposed temperature or concentration gradient. Important to add here, this configuration is analytically tractable and, thus, can provide an exact solution to the stability problem (or at least an approximate solution depending upon the level of analytical difficulty). We, too, proceed with this standard configuration in this investigation, essentially to unveil convection dynamics as highlighted in the subsequent subsections.
Despite the remarkable advancement made towards understanding the Marangoni convection for Newtonian fluids, relatively little attention has been devoted to the viscoelastic fluids. Such fluids, namely the polymeric solutions, biofluids, paints, lubricants, etc. exhibit complex rheological behaviour owing to the involvement of both the viscous and elastic character (Bird, Armstrong & Hassager 1987) . Quite notably, the non-trivial normal stresses at the solid-liquid interface for such fluids can result in the phenomenon like rod-climbing. The class of viscoelastic fluids here we deal with is the polymeric solutions, composed of a polymeric solute and a Newtonian solvent, and thus structurally form a binary mixture. An investigation into the Marangoni convection considering this binary aspect of the fluid where the thermal and solutal effects both can come into the picture together has remained untouched in the literature.
Nevertheless, Marangoni convection in a viscoelastic film has already been studied in the purview of its pure form, that is, neglecting the binary prospect. The first such analysis was carried out by Getachew & Rosenblat (1985) for purely thermocapillary induced convection, and by Dauby et al. (1993) for the coupled buoyancy and thermocapillary driven convection.
Describing the rheology of the fluid by the linearized Maxwell model (which characterizes the fluid by a single viscous relaxation time), they theoretically discussed the possibilities of both the monotonic (stationary convection) and oscillatory (overstability) instabilities in the fluid layer. It was found that for a weakly viscoelastic fluid (i.e. a liquid with small relaxation time), instability sets in the form of stationary convection, whereas the oscillatory instability emerges for a highly viscoelastic fluid. However, unlike the oscillatory mode, the stability threshold for the monotonic mode remains unaffected by the elasticity of the fluid. Later on, these analyses were extended to include several other effects like the contribution of the retardation time of the fluid (Lebon et al. 1994) and the deformability of the free surface on the stability threshold (Ramkissoon et al. 2006) . Parmentier et al. (2000) carried out a non-linear stability analysis of this convection process. However, their study was restricted only to the stationary mode of convection, although the viscoelastic fluids are more vulnerable to the oscillatory mode.
Notably, in all these analyses, the fluid layer was considered to get heated from below by a substrate of high thermal conductivity (a perfect thermal conductor), and the free surface was treated as insulated for the temperature perturbations. For such a system configuration, the disturbances emerge only in the short-wave form. Recently, for the opposite case (i.e. a viscoelastic film with a thermally conducting surface getting heated by a substrate of very low thermal conductivity), Sarma & Mondal (2019) detected a long-wave deformational instability for both the monotonic and oscillatory mode of convection. Despite these significant advancements made in the paradigm of Marangoni convection for a viscoelastic fluid, it must be noted that all such studies deal with a pure viscoelastic fluid where the binary aspect of the liquid is completely ignored.
To mention, the stability picture is well explored for a Newtonian binary mixture, under both the theoretical and experimental framework. For a multicomponent mixture, the stability behaviour gets significantly affected by the presence of cross-diffusive effects, through which the gradient of one stratifying agent contributes to the flux of other. Two such frequently observed effects are the Soret effect (temperature gradient induced mass flux) and the Dufour effect (concentration gradient generated heat flux), of which only the Soret effect finds importance in case of the liquids. Thus, the Marangoni convection in a binary liquid is studied under the following two physical situations: (i) the temperature gradient and the concentration gradient have independent sources (double-diffusive convection); and (ii) the temperature gradient is externally imposed, while the concentration gradient is generated spontaneously by the Soret effect. The thermal and solutal effects get coupled in presence of the cross-diffusive effects. The former case was investigated by McTaggart (1983) and Castillo & Velarde (1985) while the latter event was investigated by Bhattacharjee (1994) , Skarda, Jacqmin & McCaughan (1998) , Bergeon et al. (1998) and more recently by Bestehorn & Borcia (2010) , Podolny et al. (2005) , Shklyaev et al. (2009) . These analyses establish that when the shear stresses induced separately by the thermal and solutal components enhance each other, the conductive state of the system loses stability monotonically, and whenever they counteract, an oscillatory convection appears through Hopf bifurcation. These disturbances can emerge both in the long-wave and short-wave form depending upon the model parameter space.
It is noteworthy that the Soret effect can induce a concentration gradient of the polymeric solutes in a polymer solution as well (de Gans et al. 2003; Würger 2007; Zhang & Müller-Plathe 2006) . Usually, while these solutes tend to migrate towards a colder region (owing to their large masses), sometimes, depending upon the solvent quality and the temperature of the mixture, their movement can also take place to the warm region. This migration of the solutes can generate solutocapillary stress on the free surface of the liquid. The solutal Marangoni convection in the context of evaporation in a polymeric solution has been investigated by Doumenc et al. (2013) and Yiantosis et al. (2015) . However, the thermocapillary and solutocapillary convections were treated separately in these works without considering a single thermo-solutal model. Furthermore, the polymeric solution was assumed here as a Newtonian fluid. This motivates us to take up an investigation on the thermosolutal Marangoni convection in a viscoelastic film incorporating the Soret effect. For the film subject to heating from below by a substrate of low thermal conductivity and bounded above by a deformable free surface, here we study the stability behaviour of this system under the framework of linear analysis.
However, to keep the analysis simplified, the fluid is assumed to be non-volatile in this analysis.
The paper proceeds as follows: in § 2, we formulate the problem presenting the set of governing equations along with the boundary conditions and define the relevant dimensionless parameters. Linear stability analysis of the system is then carried out in § 3. We analyze the stability picture, generated by numerically solving the eigenvalue problem in § 4. Besides the 5 stationary convection, two different oscillatory instabilities can emerge in the present system.
In § 5, we study the effect of viscoelasticity on the spatial structure of the eigenvectors at the neutral stability point. An approximate model that can qualitatively describe the stability behaviour of the system without numerically solving the eigenvalue problem is introduced in § 6. In § 7, we plot the phase diagram, which can tell about the dominant instability mode in the system for a particular set of dimensionless parameters. And finally, the conclusions are drawn in § 8.
Mathematical model

Problem statement and the governing equations
We begin by considering a laterally infinite, two-dimensional layer of an incompressible viscoelastic fluid in the gravitational field g, schematically illustrated in figure 1. The fluid analyzed here is typically a non-volatile polymeric solution composed of a Newtonian solvent and a polymeric solute. This binary mixture is characterized by the relaxation time , viscosity , the boundary conditions comprise of the kinematic boundary condition, heat exchange with the ambient-gas phase characterized by Newton's law of cooling, mass impermeability, and the balance of tangential and normal stress components, represented respectively by (2.5a-e):
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In (2.5b,c), q denotes the rate of heat exchange between the free surface and the ambient air at temperature T  . The kinematic boundary condition (2.5a) gives the location of the interface, while the mass impermeability condition (2.5c) portrays the non-volatile behaviour of the binary mixture. The dynamics of the gas-phase is decoupled here from the liquid phase considering large differences in the physical properties between both the phases. This allows us to define the following set of dimensionless variables:
Note that, although the bulk concentration c (defined either as mass fraction or volume fraction)
is a dimensionless quantity, its rescaling in the manner mentioned above keeps this analysis coherent with the previously reported studies on Marangoni convection (Podolny et al. 2005; Shklyaev et al. 2009; Sarma & Mondal 2018) . With this choice of the non-dimensional variables, we finally obtain the governing equations and the boundary conditions (dropping the overbar sign) in the following dimensionless form:
This problem is now characterized by the following set of dimensionless parameters: the 
The Marangoni number defined in (2.12) governs the present instability phenomenon. For the convection to set in, the thermo-solutocapillary stresses must have to overcome the stabilization effects of viscous and thermal diffusion. Ma gives the critical temperature 
corresponds to the microgravity environment. Quite importantly, in the limit ( , ) Ga    , a free surface can be treated as non-deformable, which typically refers to a liquid layer with very high surface tension at the terrestrial environment. Thus, we analyze the stability characteristics of the system for two particular cases: (i) 3 ( , ) (0.1, 10 ) Ga  , represents a liquid layer with a deformable free surface at the microgravity environment, and (ii) ( , ) Ga    , refers to a liquid layer with a nondeformable free surface at the terrestrial conditions.
Basic state and linear stability analysis
We begin our analysis considering a quiescent liquid layer with laterally uniform temperature and concentration distribution. This purely conductive state of the system is represented by
which exactly satisfies the governing equations (2.6) and the boundary conditions (2.7) for 0 Ma  . One can notice that the elasticity of the fluid does not influence this basic state. Now, above a certain critical temperature gradient, owing to the thermosolutocapillary effects, the base state (3.1a-f) becomes unstable, and the Marangoni convection induces in the film. Here, we study the stability of this base state against the infinitesimal normal perturbations under the framework of linear stability analysis.
To proceed with, we introduce the following two-dimensional perturbations (denoted by a tilde) around the base state (3.1a-f), ( , , ) , ( , , ) ( , , ),
and linearize (2.6)  (2.7) by obliterating the terms nonlinear in perturbations, which eventually yields the following set of governing equations and boundary conditions:
( 3.6) It is now convenient to cast this BVP (3.3)  (3.5) in terms of the stream function ( , , )
which eliminates the pressure p from the system of equations (3.3)  (3.5). Introducing relationships (3.7) and the constitutive equation for Maxwell viscoelastic model (3.6), we finally arrive at:
with the accompanying boundary conditions,
Note that, for this problem, since the basic state (3.1) is invariant with respect to x and t, we use the Fourier decomposition to separate the x and t dependency of the perturbed fields ( , , , ) c    from that with z: 
with  and Ma as the eigenvalues. This problem was recently analyzed by Sarma & Mondal (2019) for a pure viscoelastic film ( ,0 Le   ). Surpassing this restriction, the more realistic binary aspect (polymeric solute in a Newtonian solvent) of the fluid is considered here along with the incorporation of the Soret effect. Solving (3.12)  (3.14) for 0  now yields the neutral stability curves for the present problem, that demarcates the stable regime from the 14 unstable one. However, the complexity of the solvability conditions restrains us here from taking an analytical approach. We thus solve it numerically using the fourth order Runge-Kutta method with shooting technique (Keller 2018 ). An approximate model is developed following an asymptotic approach in § 6 to get a better insight into the stability picture.
The eigenvalue problem (3.12)  (3.14) suggests the possible emergence of two different instability modes in the system: (i) monotonic mode (or stationary convection) wherein the disturbances develop without any temporal oscillations, and (ii) oscillatory mode (or overstability) for which instability grow with temporal oscillations. The stability thresholds for the monotonic and oscillatory modes thus can be obtained from (3.12)  (3.14) substituting 0   and i   respectively. It should be noted that for the oscillatory instability mode, we numerically seek such value of  for which the imaginary part of Ma vanishes. Repetition of this procedure for a broad range of k yields the neutral stability curve for this instability mode.
We verify the accuracy of our numerical implementation by reproducing the results of Shklyaev et al. (2009) , who investigated this instability phenomenon for a Newtonian binary film considering a non-deformable free surface. 
The linear stability picture
In this section, we analyze the stability picture obtained through numerical computation.
Emphasis is placed on understanding how viscoelasticity in the presence of Soret effect deviates the system stability from its Newtonian counterpart. For the ease in analysis, we divide the entire stability picture into two different regimes: (i) long-wave regime,
(1) kO  , and (ii) short-wave regime,
(1) kO. The stability behaviour of the system is now analyzed for a broad range of the non-dimensional parameters in the following subsections for both the long-wave and short-wave perturbations. It may be mentioned that the present numerical results demonstrate no substantial variation with Pr (this is also evident from the approximate model derived in § 6). Thus, we fix 10 Pr  for all the graphical results presented in this study.
Effect of viscoelasticity and the free surface deformations
We first start with the monotonic instability mode. Figure 3 It turns out that irrespective of the deformability of the free surface, the monotonic instability for a binary mixture always emerges in the long-wave form (i.e. c 1 k  ). These perturbations get slightly damped for a non-deformable surface (reflected in the inset of figure   3 by an increased c Ma for higher values of the parameter set ( , ) Ga  ) by the increased gravitational and surface tension forces. Notably, the elastic behaviour of the fluid has no influence on the stability threshold for this instability mode. This is due to the vanishing of any temporal components for this stationary convection (cf. (3.12)  (3.14) substituting 0   ).
Let us now discuss the behaviour of the oscillatory instability mode. The present investigation reveals that two different oscillatory instabilities with unique characteristics can emerge in a binary liquid mixture. We call them the type-I (or oscillatory-I) and type-II (or oscillatory-II) modes, respectively. It is worth mentioning here that the characteristics of the oscillatory-I mode for a Newtonian binary mixture have been extensively studied in the literature (Bestehorn & Borcia 2010; Podolny et al. 2005; Shklyaev et al. 2009; Skarda et al. 1998 ). Nevertheless, its behaviour for a viscoelastic binary fluid has not been revealed yet. On the other hand, to our knowledge, the oscillatory-II mode has entirely remained unexplored, even for a Newtonian binary fluid (perhaps due to limited examination of the parameter values).
Here, we will demonstrate that for a viscoelastic binary mixture, while the oscillatory-I mode is more universal, the oscillatory-II instability appears only under particular circumstances.
The typical neutral stability curves for the oscillatory-I mode is demonstrated in figure 4 .
Panel (a) shows that for 0   , the neutral curves consist of two branches, each characterized by a distinct local minimum. Note that, of these two minima, one lies in the long-wave regime c ( 1) k  while another resides in the short-wave regime c ( 1) k  . Accordingly, we call these branches the long-wave and the short-wave branch, respectively. It is clear that, irrespective of the viscoelasticity of the binary mixture, the deformability of the free surface (here the solid ( 0) De  ) and the dash-dotted ( 1 De  ) lines correspond to a deformable free surface, the dotted lines adjacent to each De represent a non-deformable surface) governs the stability threshold only for the long-wave branch. A reduced deformability of the free surface increases the stability of the system against the long-wave perturbations.
On the other hand, the stability margin for the short-wave branch does not get affected by the deformability of the free surface; rather, it is governed by the viscoelasticity of the fluid. ; the adjacent dotted lines represents the results for a non-deformable free surface ( , ) Ga    for the same parameter space. The dot ( ) mark on each neutral curve denotes the critical point (or the global minimum) of the curve. Other parameters:
Interestingly, panel (a) further demonstrates that depending upon the deformability of the free surface and the viscoelasticity of the fluid, the global minimum of the neutral curve (indicated by the marker " ") can shift from the long-wave to the short-wave regime. For 0, De  the global minimum lies in the long-wave regime for a deformable free surface, and in
the short-wave regime in case of a non-deformable surface. On the other hand, for 1 De  , irrespective of the deformability of the free surface, the global minimum resides in the shortwave regime. This transition of the stability picture will be discussed in more detail in figure   5 .
Panel ( ; and the dotted one for a non-deformable surface ( , ) Ga    . The arrow marks in panels (b,c) illustrate a switchover in the instability behaviour with the increasing elasticity of the fluid. Other parameters:
A key observation from figure 5 is that, for a weakly viscoelastic fluid while both the longwave and short-wave oscillatory-I instability can emerge depending upon the deformability of the free surface (see panel b); for a highly viscoelastic liquid, irrespective of the deformability of the free surface, instability always sets in the short-wavelength form. The inverse variation of c Ma , c k and c  with De within this regime suggests that, with enhanced elasticity of the binary mixture, the conductive state is likely to lose its stability to the short-wave oscillatory-I mode with the easily detectable convective pattern.
Competition between the thermocapillary and solutocapillary effect
We now discuss the contributions of the thermo-and solutocapillary forces towards the development of Marangoni convection in the present system. Recall 0   refers here to the case of pure thermocapillary driven convection. From figure 6(a) , it is clear that the presence of both the thermo-and solutocapillary effects triggers the onset of stationary convection. In other words, both these effects play a destabilizing role in the induction of monotonic instability for 0   (or equivalently 0).  However, it should be noted that c k is not affected by the presence of solutal effects at least for a deformable surface (the case for a non-deformable surface will be treated in figure 7 ). Furthermore, although not shown here, it is found that this particular instability mode can emerge even for 0   within a very narrow range of  . This Figure 6(b) demonstrates that for the long-wave branch of the oscillatory-I mode, the thermocapillary is destabilizing while the solutocapillary plays a stabilizing role. Thus, it seems that the opposite contributions of these two driving forces give rise to this long-wave instability.
On the other hand, for the short-wave branch, the instability is primarily caused by the thermocapillary effect. Here, the solutocapillarity provides only a small correction to the stability margin. Quite interestingly, for this short-wave branch, higher values of  in the range 0   leads to a weak destabilization of the system, whereas, increment in  causes a mild stabilization of the system for 0   (see inset, figures 6(b,c)). Now, to get a comprehensive overview of this stability picture, we plot in figure 7 , the variations of the critical Marangoni number c Ma and the corresponding wavenumber c k with  for both the monotonic and oscillatory-I mode. It is observed that increment in  promotes the destabilization of the system with respect to the monotonic instability irrespective of the deformability of the free surface (see figure 7(a) , where the solid line represents a deformable surface, and the adjacent dotted line refers to a non-deformable surface). This destabilization is primarily caused by the solutocapillary force rather than the thermocapillarity. Furthermore, for this instability mode, although the free surface deformability has a minuscule effect on the stability threshold (which is not even distinguishable in the scale of figure 7(a) ), nevertheless, it plays an important role in determining the size of the convection cells. Figure 7( 
that the convection cells for a deformable free surface are larger compared to its deformable counterpart (although for both kinds of surfaces c k lies in the long-wave regime). However, this difference diminishes gradually with the increment in  .
Confirming the previously reported studies relating to the Marangoni convection in a Newtonian binary liquid (Bestehorn & Borcia 2010; Podolny et al. 2005) , this investigation also reestablishes that the oscillatory-I instability for 0 De  emerges only with 0   . The stabilizing role of solutocapillarity on the stability threshold for such a liquid layer with a deformable free surface is clearly reflected in figure 7(a) . On the other hand, for the case of a non-deformable free surface (or for a highly viscoelastic binary mixture), the stability threshold . The dotted lines adjacent to each instability mode represent the same variations for a nondeformable free surface ( , ) Ga    . Other parameters: 0.01 Bi  , 3 10 Le   .
remains nearly independent of  . In this regard, it is important to observe in figure 7(b) that, for a Newtonian binary mixture with a deformable surface c k lies in the long-wave regime, whereas, for a non-deformable surface (or for a highly viscoelastic mixture) c k resides in the short-wave regime. Thus, it can be inferred that the solutal effect plays a dominating role in the stability margin only for the long-wave perturbations.
Another key observation from figure 7(a) is that the enhanced elasticity the fluid from 0 De  to 10 De  results in a drastic reduction of the stability margin for the oscillatory-I mode. Thus, the c () Ma  curves presented here for the monotonic mode can be treated as the locus of the codimension-two points at which the competition between the monotonic and (a) (b) oscillatory-I instabilities take place in the system. On the left side of this curve, the conductive state bifurcates into the oscillatory mode (Hopf bifurcation), while a steady bifurcation (i.e. monotonic convection) takes place on its right side. From figure 7(a) it is also evident that beyond a particular value of De, only oscillatory-I instability prevails in the system.   . The dot ( ) mark on each neutral curve represents the critical point of the curve. Panel (c) shows that for a deformable free surface at higher Le, a different type of oscillatory instability (oscillatory-II) can emerge in the system in the long wave regime that merges with the neutral curve for monotonic mode at higher values of k. Other parameters: 0.01 Bi  , 1 De  , 0.1 Ga  and 3 10  .
Competition between the solute and thermal diffusivity
Quite importantly, panel (c) reveals that at sufficiently large Le ( 2 (10 ) O  ), the enhanced solute diffusivity gives rises to a different oscillatory instability in the system. We call it the type-II oscillatory instability (i.e. oscillatory-II). Note that, this instability mode emerges only in the long-wave regime. At higher values k, the neutral curve for this instability mode merges with the neutral curve for the monotonic mode. We will demonstrate that depending upon the parameter space, this oscillatory-II instability can even become the dominant instability mode (a) (b) (c)
in the system (see § 7). Let us first study the stability behaviour of this instability mode.
It is found that the characteristics of this oscillatory-II mode are quite different from the oscillatory-I mode. First, while the oscillatory-I instability can emerge in the system for the entire permissible range of the parameter set ( , , , ) Le Ga   , the oscillatory-II instability appears only for a deformable free surface with 0   and 2 (10 ) Le O  . Second, the oscillation frequency of the oscillatory-II instability is several orders of magnitude smaller than the oscillatory-I mode (see figure 9 ). This suggests, the oscillatory-II instability emerges with significantly large oscillation period than that of the oscillatory-I mode. The role of Biot number on the stability threshold is shown in figure 11 . Here, the solid and the dotted lines correspond to 3 10 Bi   and 0.1, respectively. It turns out that for higher values of Bi, an enhanced heat transfer rate at the free surface increases the stability threshold in the long-wave regime (see panels (a,c,d) at small k). However, the influence of Bi is less significant in the short-wave regime, as indicated by the saturation of the curves in this regime (see panels
(a-c) at large k). Thus, the magnitude of Bi bears significant importance in the emergence of long-wave instability in the fluid layer.
Spatial structure of eigenvectors at neutral stability
We now briefly examine the effect of viscoelasticity on the spatial structure of the eigenvectors ,   and c at the neutral stability boundary. Figure 12 Recall, the viscoelasticity of the fluid does not play any role in the stability threshold for the monotonic mode and, thus, also on the spatial structure of  . For the oscillatory-II as well as the long-wave branch of the oscillatory-I mode, panels (b,c) demonstrate that the spatial structure of  are essentially identical and remains unaltered by the elasticity of the fluid. This complies with the results presented in § § 3 and 4, which reveal the stability threshold in the long-wave regime apparently remains unaffected by the elasticity of the fluid. However, as expected, the spatial shape of  is very sensitive to the elastic behaviour of the fluid in the short-wave regime (see panel (d)). In this regime,  exhibits greater distortions with intense spatial gradients for higher values of De, yielding more complicated structures.
Hence, it follows from this section that excluding the short-wave branch of the oscillatory- 6. An approximate model
In this section, we develop an approximate model performing a long-wave asymptotic expansion of the eigenvalue problem (3.12)  (3.14) and rescaling the non-dimensional parameters ( , , ) Bi De  . This model can help in getting a qualitative insight into the stability picture without numerically solving the eigenvalue problem. In the long-wavelength limit,
given the very small ratio between the mean film thickness H and the disturbance wavelength ), this projected model can accurately predict the stability margin in this regime even for small values of De. The adopted scaling (6.2b) only helps in better predicting the stability boundary in the short-wave regime for higher values of De (surpassing the approximations made in (6.1)). Furthermore, the consideration of large Σ is well justified here since its magnitude is usually high. However, we do not impose any restrictions on the magnitude of other dimensionless parameters and they remain at (1) O with respect to  .
The perturbation fields are now expanded with respect to  as follows:
Introducing the rescaled parameters and the expansions (6.1)  (6.3) into the BVP ( Equation (6.13) governs the stability threshold of the system for both the monotonic and the oscillatory modes within the approximations mentioned in (6.1)  (6.2). The validity bound for this analysis will be discussed in the forthcoming sections. An inspection of (6.13) reveals that, complying with the numerical results presented in § 4, the stability threshold for both the instability modes are independent of Pr. Ma lost the quantitative agreement with the numerical results owing to the violation of the long-wave approximation (compare panels (a,b) in figure 14 ). A detailed investigation of the stability picture for a broad range of the non-dimensional parameters reveals that apart from the monotonic instability, two different oscillatory instabilities, namely the oscillatory-I and the oscillatory-II, can emerge in the system. For the monotonic mode, the stability threshold remains unaffected by the elasticity of the fluid, resulting in identical stability characteristics for both the Newtonian and viscoelastic binary mixtures.
The instability mode, which draws particular attention in the Marangoni convection for a viscoelastic film, is the oscillatory instability mode. The oscillatory-I instability can appear either in the long-wave or short-wavelength form depending upon the degree of deformability of the free surface and the viscoelasticity of the fluid. This study reveals that, although the short-wave oscillatory-I mode is more universal, the long-wave oscillatory-I mode can also get dominant in the system, especially in the microgravity environment, for a weakly viscoelastic film ( (0.1) De O ) having a deformable free with 0   . On the other hand, the oscillatory-II instability is more case-specific and emerges only in the microgravity environment: for a binary liquid film (irrespective of the viscoelasticity of the mixture) having a deformable free surface with high solute diffusivity 2 (10 ) Le O  and for 0   . This is a long-wave instability that emerges with a significantly large oscillation period compared to the oscillatory-I mode.
This leads to the following main conclusions from this study: the solutocapillary effect plays a crucial role only in case of the long-wave disturbances. For 0   (or equivalently 0  ), it causes the emergence of long-wave instability in terms of either the monotonic or the oscillatory-II mode. For 0   , solutocapillarity enhances the stability of the system against the long-wave perturbations of the oscillatory-I mode. On the other hand, thermocapillarity is primarily responsible for the short-wave disturbances of the oscillatory-I mode. Here, the solutocapillary effect plays only a minor role. Thus, promoted by the elasticity of the mixture, the short-wave oscillatory-I instability can ideally appear for any   . While the increased (convective) heat transfer rate and reduced deformability of the free surface enhance the stability of the system against the long-wave perturbations, the increasing elasticity of the fluid makes the system more vulnerable towards the short-wave disturbances.
However, the conditions (viz. the film thickness, the temperature difference across the film, the corresponding size of the convection cell and its oscillation period) at which one may experimentally observe a particular instability mode detected in this study remains here unclear. This is primarily due to uncertainty over data related to physical properties of the fluid, especially the Soret coefficient and the relaxation time that changes with the composition of the fluid. Separate experimentation is needed to acquire such data. Nevertheless, provided a prior estimation of the parameters ( , ) , the present analysis can be helpful in predicting the instability modes as soon as a bifurcation of the conductive base state occurs. Further experimental and theoretical investigations are thus necessary to understand the pattern dynamics in the post-critical range for the present convection phenomenon.
